Objective-Inflammation plays a key role in atherosclerosis. We hypothesized that novel inflammatory markers may predict the risk of coronary heart disease (CHD). Approach and Results-We investigated the association of 16 inflammatory biomarkers with the risk of CHD in a random subset of 839 CHD-free individuals in a prospective population-based cohort study. A Bonferroni corrected P value of 3.1×10 −3 was used as a threshold of statistical significance. The mean age at baseline was 72.8 years. During a median follow-up of 10.6 years, 99 cases of incident CHD were observed. Among all inflammatory biomarkers, neutrophilderived human s100a12 (extracellular newly identified receptor for advanced glycation end-products binding protein [EN-RAGE]) showed the strongest association with the risk of CHD (P value 2.0×10 −3 ). After multivariable adjustment for established cardiovascular risk factors, each standard deviation increase in the natural log-transformed EN-RAGE was associated with 30% higher risk of incident CHD (hazard ratio, 1.30; 95% confidence interval, 1.06-1.59). Further adjustment for previously studied inflammatory markers did not attenuate the association. Excluding individuals with prevalent type 2 diabetes mellitus, impaired kidney function, or individuals using antihypertensive medication did not change the effect estimates. Cause-specific hazard ratios suggested a stronger association between EN-RAGE and CHD mortality compared with stable CHD. 
W ith 7.3 million deaths per year globally, coronary heart disease (CHD) is still the world's leading cause of mortality. 1 Inflammation is thought to play a key role in the pathogenesis of atherosclerosis and CHD. 2 Accordingly, inflammatory markers have been investigated for predicting the risk of CHD, an effort that has led to the identification and validation of several inflammatory markers for CHD. [3] [4] [5] [6] However, the inflammatory markers that have been investigated to date only represent a minor part of the diverse molecules that constitute the complex human immune response. 7 Exploring prospectively the association of relatively uninvestigated inflammatory markers with CHD may unravel novel inflammatory risk factors for CHD and may shed light on additional pathways that might be involved in the pathogenesis of atherosclerosis and CHD.
We hypothesized that indicators of inflammation which have not been studied previously with the incidence of CHD are associated with incident CHD beyond traditional risk factors and previously studied inflammatory markers. To this end, we studied the association of 16 biomarkers of inflammation with the risk of CHD in the Rotterdam Study, a prospective population-based cohort study.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement. Table 1 summarizes the baseline characteristics of 839 participants (see Table II in the online-only Data Supplement for baseline characteristics in future CHD cases and noncases). At the start of the study, the mean (±SD) age was 72.8 (7.5) , and 58% of the population were female. During a median follow-up of 10.6 years (interquartile range, 6.8-11.9), 2 were lost to follow-up, 353 individuals died (302 unrelated to CHD), and 99 developed CHD (incidence rate, 12.7 per 1000 person years). Out of the 16 inflammatory biomarkers (Figure 1 ), after Bonferroni correction, only extracellular newly identified receptor for advanced glycation end-products binding protein (EN-RAGE) was significantly associated with CHD when adjusted for age and sex (Table III in the online-only Data Supplement). The risk of CHD was nearly one third increased per standard deviation increase in the natural log-transformed EN-RAGE (hazard ratio [HR], 1.37; 95% confidence interval (CI), 1.12-1.67; Table 2 ). Compared with the lowest tertile, participants in the highest tertile experienced approximately a 2.6-fold higher risk of developing CHD compared with participants in the lowest tertile (HR, 2.59; 95% CI, 1.52-4.40). When we further adjusted the association for traditional cardiovascular risk factors, the effect estimates attenuated slightly (HR, 1.30; 95% CI, 1.06-1.59). Additional adjustment for previously studied inflammatory markers yielded slightly increased effect estimates ( Table 2;  Table IV in the online-only Data Supplement).
Results
Cumulative incidence curves for the tertiles of EN-RAGE adjusted for competing risks are depicted in Figure 2 . The 10-year probability of first incident event of CHD was 0.05 (95% CI, 0.03-0.08) for the first tertile, 0.11 (95% CI, 0.07-0.14) for the second tertile, and 0.14 (95% CI, 0.10-0.18) for the third tertile.
After excluding participants with chronic kidney disease at baseline, the association between EN-RAGE and incident CHD attenuated slightly (1.28; 95% CI, 1.03-1.59; Table 3 ). Excluding participants with type 2 diabetes mellitus, the effect estimates of the association between EN-RAGE and CHD did not change: hazard ratio 1.29 (95% CI, 1.04-1.60) in the fully adjusted model. Finally, after excluding participants taking antihypertensive medication, the hazard ratio did not change (HR, 1.40; 95% CI, 1.05-1.87). Table 4 depicts the results for the associations between EN-RAGE and the different CHD manifestations separately. We observed the strongest association with CHD mortality (HR, 1.56; 95% CI, 1.19-2.04) compared with myocardial infarction and revascularization, which were not significant. Further adjustment for the traditional cardiovascular risk factors did not change the effect estimate for CHD mortality. Cause-specific HRs were not significantly lower for revascularization compared with myocardial infarction (Lunn and McNeil, P=0.700), but they were borderline-significant for CHD mortality compared with revascularization ( ).
Discussion
In this prospective, population-based cohort study, we found that higher EN-RAGE levels were associated with an increased risk of CHD beyond conventional risk factors. Further adjustments for inflammatory markers, as well as excluding diseased individuals, did not change the results. These findings suggest proinflammatory EN-RAGE as a new inflammatory risk marker for CHD that represents a distinct inflammatory pathway compared with other inflammatory markers.
Previous studies have observed increased levels of EN-RAGE in patients with chronic inflammatory disorders, including inflammatory bowel disease, 8 type 2 diabetes mellitus, 9 chronic kidney disease, subclinical atherosclerosis, 10, 11 and coronary artery disease. [12] [13] [14] [15] [16] The design of the mentioned studies is mainly cross-sectional and conducted in patient populations. A positive association between EN-RAGE and CHD mortality was shown in a prospective study, including patients on hemodialysis. 17 In addition, a recent study in Japanese CHD individuals observed a significant association between EN-RAGE and future major adverse cardiac events. 18 To our knowledge, we are the first to investigate the association between EN-RAGE and CHD in a prospective population-based cohort study with long-term follow-up.
To address the possibility of confounding, we adjusted in the multivariable model for the different traditional CHD risk factors and previously studied inflammatory markers. To address the question whether our results were driven by a certain subgroup, we analyzed the data excluding participants with chronic kidney disease, type 2 diabetes mellitus, and antihypertensive use in the sensitivity analyses. Across all these analyses, there was a consistent effect of EN-RAGE on the risk of CHD, even after adjusting for the established inflammatory markers. These results suggest an effect of EN-RAGE on the risk of CHD beyond well-established metabolic and inflammatory pathways.
We observed a stronger association between EN-RAGE and future myocardial infarction and CHD mortality compared with revascularization. This suggests that EN-RAGE is more a determinant of acute coronary events with plaque instability rather than stable coronary artery disease. This observation that EN-RAGE, a member of the S100 protein family, is a strong determinant of acute coronary events is in line with previous studies that reported higher levels of mRNA and plasma levels of family S100 proteins (S100A8/9) in patients with ST-elevated myocardial infarction compared with stable coronary artery disease cases. 19 Furthermore, a postmortem study in people died from sudden cardiac death has found high expression levels of S100A12 in coronary artery smooth muscle in the ruptured plaques, especially in diabetics. 20 However, the cause-specific hazard ratio for the CHD events were not significantly different using the method proposed by Lunn and McNeil. We might have been underpowered to observe a significant difference because of the limited number of cases in this cause-specific analyses.
Studying the added value of EN-RAGE in 10-year CHD risk prediction, we found an improvement in risk prediction when we added EN-RAGE to the Framingham risk score. This suggests that EN-RAGE, as a noninvasive marker of future CHD, could be useful in predicting the risk of CHD in the general population. Although we corrected the change in c-statistic for optimism, we think that further studies are needed to establish the potential role of EN-RAGE in CHD risk prediction.
EN-RAGE, a member of the S100 protein family of EF-hand calcium-binding proteins, is an endogenously produced inflammatory ligand of the RAGE 21 and Toll-like receptor 4. RAGE is a member of the immunoglobulin superfamily of cell surface molecules and is expressed in multiple tissues, including endothelium cells, vascular smooth muscle cells, and monocyte-derived macrophages. 23 The binding of RAGE by EN-RAGE activates inflammatory cascades, including the proinflammatory NF-κB signaling pathway, a well-known pathway of the innate immune system involved in the pathogenesis of CHD. 21, 24 Moreover, intracellular signaling pathways triggered by EN-RAGE may alter gene expression and upregulate the synthesis of vascular cell adhesion molecule-1 and intracellular adhesion molecule-1 synthesis. 21 Considering atherosclerosis as a chronic inflammatory disease, the engagement of RAGE by EN-RAGE may play an important role in the pathogenesis of atherosclerosis and subsequently CHD. In line with this evidence, the expression of EN-RAGE in vascular smooth muscle cells can modulate the remodeling of the aortic wall and stimulates cytokine production and increases oxidative stress. 25 Moreover, EN-RAGE accelerates atherosclerosis and vascular calcification in apolipoprotein E-null mice. 26 Recently, EN-RAGE has been shown to accelerate the development of cardiac hypertrophy and diastolic dysfunction in mice with chronic kidney disease. 27 The monocyte activation effect of EN-RAGE has also been observed to be Toll-like receptor 4-dependent. 22 It was demonstrated that EN-RAGE facilitates inflammatory monocyte activation by Toll-like receptor 4 and that this effect was modulated by RAGE. Toll-like receptors have been investigated extensively in the field of cardiovascular diseases because they are expressed in vascular and myocardial cell membranes. 28 The important role of EN-RAGE in the pathogenesis of atherosclerosis is further emphasized by a recent study where pharmacological inhibition of S100A12-mediated atherosclerosis improved atherosclerotic plaque features, including smaller necrotic cores, diminished calcification, and reduced number of inflammatory cells. 29 This study has certain strengths and limitations. The prospective population-based study design, the diversity of the available inflammatory biomarkers, and the long-term followup of CHD can be marked as the main strengths of the present study. In addition, our findings are robust regarding the strict Bonferroni P value we used as the threshold for significant associations in the first step. Several limitations should also be acknowledged. First, although we adjusted our analysis for different potential confounders, we cannot exclude the effect of unknown or unmeasured confounders. However, because we adjusted for the traditional and commonly used risk factors for CHD and inflammatory pathways, we think that EN-RAGE as a novel inflammatory marker for CHD is interesting because it might reflect other pathways that lead to CHD. Second, we had to exclude inflammatory biomarkers with low serum concentrations. Nonetheless, the selected biomarkers have >60% completeness of measurements, indicating acceptable quality of quantification. Third, our population is ≥55 years. Therefore, generalization of the results to a younger age category should be with caution. Our study only indicates an association; we think that further studies are needed to establish the causal role of EN-RAGE in the pathogenesis of CHD.
In conclusion, our study suggests that higher levels of serum EN-RAGE are associated with incidence of CHD beyond conventional cardiovascular risk factors and inflammatory markers. These results provide evidence for a role of EN-RAGE in the development of CHD and suggest this marker as a potential target for drug therapy and risk prediction. BMI indicates body mass index; CHD, coronary heart disease; CI, confidence interval; CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; EN-RAGE, extracellular newly identified receptor for advanced glycation endproducts binding protein; HDL, high-density lipoprotein; HR, hazard ratio; and T2D, type 2 diabetes mellitus.
*Hazard ratios are represented per standard deviation increase in logtransformed EN-RAGE. 
Materials and methods

Study Population
The Rotterdam Study is a prospective population-based cohort study in Ommoord, a district of Rotterdam, the Netherlands. The design of the Rotterdam Study has been described in more detail elsewhere 1 . Briefly, in 1989 all residents of Ommoord aged 55 years or older were invited to participate of whom 78% (7,983 out of 10,275) agreed. The first examination round was completed between 1990 and 1993, after which follow-up examinations were conducted in 1993-1994, 1997-1999, 2002-2004 and 2009-2011 . This study was based on data collected during the third visit (1997) (1998) (1999) . Among 5990 (80%) eligible individuals, 4797 individuals visited the research center. A random subset of 971 participants was selected as part of a separate case-cohort study to investigate biomarkers in association with dementia. Given the random sampling these persons can be considered representative of the source population. We excluded 132 participants with history of CHD (defined as clinically manifest myocardial infarction, coronary artery bypass grafting, or percutaneous trans luminal coronary angioplasty), resulting in 839 participants for analysis. The Rotterdam Study has been approved by the medical ethics committee according to the Population Study Act Rotterdam Study, executed by the Ministry of Health, Welfare and Sports of the Netherlands. A written informed consent was obtained from all participants.
Measurement of Inflammatory Biomarkers
In the third center visit, fasting blood samples were collected at the research center. Plasma was isolated and immediately put on ice and stored at -80°C. Citrate plasma (200 µL) was sent in July 2008 to Rules-Based Medicine, Austin, Texas (www.myriadrbm.com). Fifty inflammatory biomarkers were quantified using multiplex immunoassay on a custom designed human multianalyte profile. The intra-assay variability was less than 4% and the inter-assay variability was less than 13%. Biomarkers with more than 60% completeness of measurements were selected for imputation and further analysis (Figure 1 ). Among the 26 eligible biomarkers, 10 were excluded since they have previously been investigated prospectively with the incidence of CHD (Supplementary Table 1 ). This resulted in a final set of 16 novel inflammatory biomarkers that were selected to investigate with incidence of CHD (Supplementary Table 2 ). The inflammatory markers investigated in the current study have no standard international calibration reference, therefore interpretation of the absolute values should be with caution. Since the current study is conducted within one set of individuals, the use of relative measures does not affect the effect estimates.
Coronary Heart Disease Diagnosis
Information on the incidence of CHD was obtained from general practitioners and from letters and discharge reports of medical specialists. Two independent study physicians coded all reported events and in case of disagreement, consensus was sought. Subsequently, a medical specialist validated all events. Incident CHD was defined as myocardial revascularization, fatal and non-fatal myocardial infarction and CHD mortality. Definition and coding of CHD events within the Rotterdam Study is described in more detail elsewhere 2 . Follow-up data until January 1 st 2011 was used.
Covariates
Anthropometric measures were obtained during the visit to the research center. Body mass index (BMI) was defined as weight in kilogram divided by the square of height in meters. Blood pressure was measured during research center visit at the right brachial artery, with participants in sitting position. The mean of two consecutive measurements was used. Total and high-density lipoprotein cholesterol (HDLcholesterol) levels, creatinine and white blood cell counts were measured in fasting blood samples with standard laboratory techniques. The glomerular filtration rate (GFR) was estimated by the abbreviated modification of diet in renal disease (MDRD) equation which is recommended by the National Kidney Foundation 3 . Chronic kidney disease was defined as an eGFR < 60 ml/min/1.73m 2 4 . Prevalent diabetes mellitus was defined as a fasting plasma glucose level ≥ 7.0 mmol/L or use of anti-diabetic medication. Information on medication use, medical history and smoking behavior was collected via computerized questionnaires during home visits. Smoking was classified as current versus non-current smokers. The previously studied inflammatory markers were measured using the same multiplex immunoassay that was also used for the novel inflammatory biomarkers.
Statistical Analyses
In the first step, we used Cox proportional hazard models to investigate the age and sex adjusted association between each inflammatory biomarker and the incidence of CHD. All models met the proportional hazards assumption. Markers with a rightskewed distribution were transformed to the natural logarithmic scale (Supplementary  Table 2 ). For a better comparison between the biomarkers, all markers were standardized by dividing the measured value by the standard deviation. We defined biomarker values as an outlier when the value was > 4 standard deviations higher or lower than the mean. Participants were excluded from the analysis when the biomarker value for this person was an outlier. The maximum number of excluded individuals was 3 among all biomarkers. We selected the significant biomarkers from the first step to further assess their association with CHD in multivariable analyses. In this second step, we additionally adjusted the association for BMI, serum total cholesterol, HDLcholesterol, systolic blood pressure, use of anti-hypertensive medication (defined as diuretics, anti-adrenergic agents, β blockers, calcium channel blockers and RAAS inhibitor), eGFR, prevalent type 2 diabetes and smoking. The hazard ratios were also calculated for the two upper tertiles with the first tertile as reference. In the third model, we additionally adjusted for the inflammatory markers that have previously been studied. In a sensitivity analysis, we excluded individuals with prevalent type 2 diabetes, chronic kidney disease and individuals using anti-hypertensive medication. Participants were censored at the time of occurrence of CHD, death, loss to follow-up or the end of the study period on January 1, 2011. We estimated 10-year risks for first-incident CHD for different tertiles of the identified biomarker(s). The cumulative incidence curves were created taking into account competing events 5, 6 . In addition, we analyzed EN-RAGE with the different CHD outcomes separately (myocardial infarction, coronary revascularization and CHD mortality). To compare directly the effect estimates on these specific first CHD events using Cox regression, we applied the data augmentation method proposed by Lunn and McNeil 7 . This method estimates the difference in cause-specific hazard ratios of EN-RAGE on the specific CHD events when competing CHD events and non-CHD events are present 5 . We presented the results for the model in which we adjusted for the traditional CHD risk factors.
The measures of association are presented with 95% confidence intervals (CI). We hypothesized that inflammatory markers may predict the incidence of CHD. To this end, we tested the association between 16 markers of inflammation with the incidence of CHD. To avoid false positive findings, we applied a Bonferroni corrected p-value of 3.1×10 -3 (0.05/16) as a robust threshold of significance. All other statistical tests were considered significant with a p-value < 0.05.
We compared the 10-year CHD risk prediction of the traditional Framingham risk score model to the new model that additionally included EN-RAGE using the c-statistic difference, continuous net reclassification improvement (NRI) and integrated discrimination improvement (IDI) [8] [9] [10] . The difference in c-statistic between the base model and the model with EN-RAGE was corrected for optimism using 100 bootstraps.
Approximately 5% of the participants lacked data on one or more of the cardiovascular covariates, except for the covariate "use of antihypertensive medication", where 9% of the values were missing. Missing data for these covariates was imputed by multiple imputation where 5 datasets were pooled to obtain the risk estimates for the association between EN-RAGE and incident CHD 11, 12 . Biomarkers with missing data due to values under the lower detection limit were imputed with the lower detection limit. 
